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Many inhibitor of apoptosis proteins (IAPs) function as E3 ligases to ubiquitinate important cell death
proteins, including caspases. Broemer et al. (2010) report recently inMolecular Cell that IAPs can also inhibit
caspases by promoting conjugation of the UBL NEDD8.Virtually all animal cells have the ability to
self-destruct by undergoing apoptosis,
a morphologically distinct form of pro-
grammed cell death. All components
required to execute cell death are consti-
tutively expressed, including caspases,
a family of cysteine proteases that are
the key executioners of apoptosis (Thorn-
berry and Lazebnik, 1998). The potentially
lethal activity of caspases is kept in check
by inhibitor of apoptosis proteins (IAPs)
(Salvesen and Duckett, 2002). Because
IAPs are frequently overexpressed in
human tumors and promote cancer cell
survival, they represent promising targets
for developing new cancer therapeutics
and have been extensively studied.
Many IAPs act as ubiquitin (Ub) E3 ligases
that covalently attach ubiquitin to key cell
death proteins, including caspases
(Bader and Steller, 2009). Ubiquitination
often leads to proteasome-mediated
degradation, but it can also affect the
localization and activity of the modified
target proteins (Glickman and Ciechan-
over, 2002). The conjugation of ubiquitin
and other small, ubiquitin-like proteins
(UBLs) can be reversed by specialized
deubiquitylating enzymes (DUBs) (Reyes-
Turcu et al., 2009). In a recent issue of
Molecular Cell, Broemer and colleagues
(2010) add a new dimension of complexity
to this field by demonstrating that IAPs
can also promote the conjugation of the
UBL NEDD8.
Broemer and colleagues took a system-
atic knockdownapproach toexamineDUB
function in their study. They used RNA
interference (RNAi) to deplete different
DUBs in the Drosophila eye and assessed
the consequences for apoptosis. For this
purpose, they took advantage of trans-
genic flies that express the natural IAP
antagonists Reaper and Hid. In cells thatare doomed to die, IAPs are inhibited by
specific antagonists (Steller, 2008). In
Drosophila, three IAP antagonists called
Reaper (Rpr), Head involution defective
(Hid), and Grim are strictly required for the
induction of apoptosis. Although the
proteins encoded by these genes share
overall very little homology, they all contain
a short N-terminal IAP-binding motif (IBM)
that is required for IAP binding and is also
found in mammalian IAP antagonists,
such as Smac/Diablo. The ectopic expres-
sion of Reaper, Hid, andGrim is often suffi-
cient for the induction of apoptosis, and
transgenic expression of these killer
proteins in the fly eye provides an easy
and convenient assay to identify genes
affecting apoptosis. Broemer et al. (2010)
found that knocking down three NEDD8-
specific proteases led to suppression of
Rpr- and Hid-mediated cell killing. Null
mutants of one of these genes, NEDD8-
specific DEN1 (deneddylase 1), confirmed
that reduction of DEN1 function could
suppress apoptosis. Consistent with a
role for NEDD8 in apoptosis, the authors
found that theDrosophila effector caspase
drICE is neddylated in vivo. Unexpectedly,
they then observed that Drosophila IAP
1 (Diap1), the major caspase inhibitor in
the fly, can function as a NEDD8-E3 ligase.
Furthermore, UV-mediated induction of
apoptosis caused a drastic reduction in
the amount of neddylated drICE. Because
under these conditions Diap1 is rapidly
depleted by proteasome-mediated degra-
dation, these findings suggested that
endogenous Diap1 functions as a
NEDD8-E3 ligase for drICE in vivo. The
authors went on to show that neddylation
of drICE inhibits its proteolytic activity
in vitro, and they used a combination of
mass spectrometry and mutagenesis to
identify neddylated lysine residues on theDevelopmental Cell 19, Dcaspase. Their results indicate that nine
lysines can serve as acceptor sites for
both Ub and NEDD8. Despite the shared
use of these acceptor lysines by both
systems, it appears that conjugation of
NEDD8inhibitscaspaseactivitybyamech-
anism that is distinct from ubiquitination.
Therefore, it is possible that NEDD8 and
Ub modifications cooperate to inhibit the
proteolytic activity of drICE. The authors
also found that DEN1, but not CSN5,
another deneddylase identified as a
suppressor of Rpr/Hid-induced apoptosis,
was able to efficiently removeNEDD8 from
drICE. It is possible that CSN5 regulates
other apoptotic proteins through deneddy-
lation, but the underlying mechanism
remains to be elucidated.
It seems that the ability of IAPs to serve
as NEDD8-E3 ligases has been conserved
in evolution from insects to mammals.
Broemer and colleagues (2010) also
demonstrated that mammalian IAPs can
function as NEDD8-E3 ligases. In partic-
ular, they showed that XIAP, which
functions as an Ub-E3 ligase in the regu-
lation of mammalian apoptosis, is able
to promote autoneddylation as well as
neddylation of caspase 7. Furthermore,
cIAP-1 was also able to target both itself
and known Ub substrates for neddylation.
Taken together, these findings add an
entire new level of complexity to the regu-
lation of apoptosis.
The work of Broemer and colleagues
(2010) raises a number of important ques-
tions for future work. The precise
contribution of each modification and
their physiological significance during
‘‘normal’’ apoptosis in vivo remain to be
worked out. Are both Ub and NEDD8
used at the same time and on the same
protein, or in different cell types? Is there
cross-talk between the two systems? Ofecember 14, 2010 ª2010 Elsevier Inc. 791
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strates for neddylation are cullin-RING
E3 ligases (CRLs). NEDD8 conjugation to
CRLs leads to a structural reorganization
that results in activation of their ubiquiti-
nation activity (Duda et al., 2008). Neddy-
lated CRLs are unstable, and their
half-lives are regulated by the COP9 sig-
nalosome through deneddylation (Wu
et al., 2005). Previous work has also re-
vealed a complicated interplay between
neddylation and ubiquitination in the
control of p53 activity (Liu and Xirodimas,
2010). For example, MDM2 functions as
an Ub and NEDD8-E3 ligase for p53. The
NEDD8-interacting protein NUB1 can
differentially control p53 modification,
leading to decreased neddylation and
stimulation of monoubiquitination. These
modifications alter the localization of p53
and inhibit its transcriptional activity (Liu
and Xirodimas, 2010). Along these lines,
the conjugation of caspases with UBLs
could perhaps serve both to inhibit
unwanted caspase activity and to localize792 Developmental Cell 19, December 14, 20the active proteins to specific subcellular
regions, thereby providing a solution to
how effector caspases can function in
important nonlethal capacities in the cell
(Bader and Steller, 2009). Indeed, conju-
gation with UBLs can alter protein-protein
interactions and enzymatic activity and
also affect protein localization (Glickman
and Ciechanover, 2002). For example,
conjugation of the nuclear GTPase Ran
with SUMO leads to relocalization of this
protein from the cytosol to the nuclear
pore. The existence of additional possible
UBL modifications has the potential to
add even further complexity to the regula-
tion of protein function in general and IAPs
and caspases in particular. In any event,
the findings of Broemer and colleagues
(2010) provide many new opportunities
to investigate how cells decide between
life and death. Progress in this area also
has the potential for the development of
new strategies for the treatment of human
diseases that are associated with
abnormal regulation of apoptosis.10 ª2010 Elsevier Inc.REFERENCES
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Primary cilia are cell surface organelles that act as sensory antennae for various input signals. In a recent
issue ofNature Cell Biology, Boehlke et al. (2010) demonstrate that bending of cilia regulates cell size through
a signaling pathway involving the LKB1 and mTOR kinases.Science tells us unexpected stories. A
remarkable illustration of this precept is
the series of discoveries in the past
decade that have placed the primary
cilium in the spotlight. Primary cilia are
typical nonmotile organelles that protrude
outside of the surface of the majority
of vertebrate cell types (Gerdes et al.,
2009). The core of the cilium consists of
an axoneme made of nine peripheral
microtubuledoubletsconnected toabasal
body,which is a specialized centriole teth-ered to the plasma membrane by transi-
tion fibers. Biogenesis and maintenance
of the cilium are accomplished by intrafla-
gellar transport (IFT) of proteins and vesi-
cles along the axoneme (Gerdes et al.,
2009). A renewed interest in this structure
came from the finding that two genes,
PKD1 and PKD2, mutated in a dominantly
inherited form of polycystic kidney
disease (PKD) encode components of
the primary cilium (Gerdes et al., 2009).
These two proteins, respectively polycys-tin 1 and 2, formpart of amechanosensory
system that regulates Ca2+ signaling into
renal tubular cells upon deflection of the
cilium by urine flow. However, the molec-
ular events that link faulty cilia to the
formation of cysts were not completely
understood. One model suggests that
inappropriate activation of the mTORC1
pathway would be the primary defect in
PKD pathogenesis (Shillingford et al.,
2006). This idea was reinforced by the
observation that rapamycin, a drug that
